The order Mononegavirales comprises a large number of nonsegmented negative-strand RNA viruses (NNSVs). How the genome polarity is determined is a central issue in RNA virus biology. Using a prototypic species, vesicular stomatitis virus (VSV), it has been established that the negative polarity of the viral genome is defined solely by different strengths of the cis-acting replication promoters located at the 3= ends of the genome and antigenome, resulting in the predominance of the genome over the antigenome. This VSV paradigm has long been applied for the Mononegavirales in general without concrete proof. We now found that another prototypic species, Sendai virus (SeV), undergoes a marked shift from the early antigenome-dominant to the late genome-dominant phase during the course of infection. This shift appeared to be governed primarily by the expression of the accessory C protein, because no such shift occurred in a recombinant SeV with the C gene deleted, and antigenomes were dominant throughout infection, generating antigenome-dominant and noninfectious progeny virions. Therefore, we proposed for the first time a trans-regulatory mechanism, the SeV paradigm, to dictate the genome polarity of an NNSV. A series of promoter-swapped SeV recombinants suggested the importance of the primary as well as secondary structures of the promoters in this trans-regulation.
S
ingle-strand RNA viruses have been roughly divided into three main classes, positive-strand, negative-strand, and ambisense viruses, according to differences in the polarity of the genome. The mechanisms determining a specific genome polarity represent one of the central questions in the biology of RNA viruses.
The order Mononegavirales, or nonsegmented negative-strand RNA viruses (NNSVs), comprise the Rhabdoviridae, Paramyxoviridae, Filoviridae, and Bornaviridae families and are characterized by the huge diversity of similar viruses (1) . This similarity includes the presence of the 3=-terminal leader (Le) and 5=-terminal trailer (Tr) sequences (1) . Several or more protein-encoding genes are placed in tandem between the Le and Tr, each of which is expressed principally as a monocistronic transcript using individual start and stop signals. The Le serves as the genome promoter (GP) to direct the synthesis of positive-sense antigenome RNA as well as mRNAs. The antigenome synthesized in turn serves as the template for negative-sense genome RNA synthesis. Here, the sequence complementary to the Tr is positioned at the 3= terminus of the template and functions as the antigenome promoter (AGP).
The characteristics of NNSV have been investigated with vesicular stomatitis virus (VSV) and rabies virus (RV) in the Rhabdoviridae (2, 3) . The GP and AGP of VSV differ markedly at positions 19 to 29 and 34 to 36 (4) (5) (6) . Because of these differences, the AGP is much stronger at directing genome replication than the GP for antigenome synthesis; as a result, more genomes than antigenomes are produced throughout single-cycle replication in cells (2, 3) . The determination of asymmetry by cis-acting elements was demonstrated by creating an RV recombinant using reverse genetics that possessed the Tr sequence at the 3= ends of both the genome and antigenome; asymmetry was abolished in cells infected with this RV, which led to the synthesis of genomes and antigenomes in approximately equal amounts (7) . The cisacting promoter-dependent asymmetry concept, which we referred to as the VSV paradigm of NNSV replication, appears to have been applied to other NNSVs without concrete results (1, 3) .
Sendai virus (SeV; also named murine parainfluenza virus type 1 or hemagglutinating virus of Japan [HVJ] ) is a prototypic member of Paramyxoviridae (8, 9) . It is a very valuable model paramyxovirus because studies on SeV have uncovered many paramyxovirus traits (8) . SeV was shown to express two different accessory proteins from the phospho (P) protein gene, with one being a nested set of four C proteins, C= (215 amino acids [aa]), C (204 aa), Y1 (181 aa), and Y2 (175 aa), that are translated from start codons in the ϩ1 open reading frame (ORF) relative to the overlapping P ORF (8) . These C ORFs initiated at a non-AUG codon, ACG 81, and AUGs 114, 183, and 201 and terminated at 725 (10) (11) (12) . Among the four C proteins, C is the major species expressed in infected cells at a molar ratio severalfold higher than those of the other three (11, 13) . Kurotani et al. succeeded in generating an SeV recombinant 4C(Ϫ) virus by reverse genetics, which expressed none of the four C proteins and demonstrated that the C proteins fell into the category of a nonessential, accessory gene product (13) . However, C protein has been revealed to exert multiple important functions in viral pathogenesis as well as replication, such as evasion from host innate immunity, inhibition of virus-induced apoptosis, and promotion of efficient viral assembly and budding (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . C protein has been suggested also to play a role in viral RNA (vRNA) synthesis. Recently, we noted that 4C(Ϫ) virions contained more antigenomes than genomes, a situation opposite to wild-type (WT) SeV, which was shown to predominantly possess genomes (26) . Together with the earlier studies described below, this led to the hypothesis that the C protein(s) could be a main player in determining SeV genome polarity. Earlier studies reported that elimination of C protein expression increased mRNA synthesis in infected cells and supplementation with C protein from cDNA suppressed this increase (27, 28) and that trans-supplied C protein inhibited viral replication (29) . Detailed studies using minireplicons mimicking SeV defective interfering (DI) genomes have nicely shown that C protein inhibited vRNA synthesis specifically from the Le promoter (30) . These inhibitory effects have been suggested to be exerted through physical interaction between C and L proteins, since the strength of C-L interaction correlated with the level of defects in vRNA synthesis in experiments using a series of C mutants possessing substitutions of highly conserved, charged amino acids (31, 32) . Here, we extended this line of research. Our present results showed that the amount of the antigenome was larger than that of the genome throughout the single-cycle replication of the 4C(Ϫ) virus, which indicated that the GP was intrinsically stronger than the AGP (i.e., in the absence of C proteins), an opposite situation to VSV. The greater predominance of antigenome synthesis occurred early in infection with WT SeV, which was switched to a genome-dominant phase as the synthesis of C and other viral proteins advanced late in infection. We concluded that the C protein(s) was an essential player in determining SeV negative polarity, providing for the first time the requirement of a trans-acting viral element (the SeV paradigm) for an NNSV to be an NNSV. It is intriguing that just the accessory gene products were shown to play such an important role in the NNSV life cycle.
MATERIALS AND METHODS
Cells, viruses, antibodies, and plasmids. LLC-MK2, BHK-21, and 293T cells were maintained as reported previously (18) . VSVs (New Jersey serotype) were propagated in BHK-21 cells. The SeV recombinants, C=/C(Ϫ) and 4C(Ϫ), lacking the expression of C= and C, and all four C proteins (13) were provided by A. Kato (National Institute of Infectious Disease, Japan). A series of recombinants, GP24, GP30, GP33, GP42, and GP48, possessing replacements of the 3= leader region of the viral genome, with the corresponding region of the 5= trailer to various degrees, were provided by D. Garcin (University of Geneva, Switzerland) (33, 34) . The other recombinant Cm2= possessing the amino acid substitutions K77R and D80A (amino acid positions were assigned on the basis of those of the 204-amino-acid-length C protein, as has been typically done) within the C protein were reported previously (24) . All of the recombinants as well as WT (strain Z) were recovered from cDNAs using a reverse-genetics technique in LLC-MK2 cells and were propagated in embryonated chicken eggs, as described previously (35) . SeV strains Cantell, Fushimi, Hamamatsu, and Nagoya were used in addition to these recombinants. Titers were determined as described previously (36) . The one-step growth kinetics of SeV recombinants were determined as described previously (24) . The expression plasmid pCAG-C encoding the SeV C gene was reported previously (17) .
Construction and recovery of SeV recombinants. The pSeV(ϩ) plasmid encoding full-length SeV cDNA (strain Z) was kindly provided by A. Kato (35) . Mutations were introduced by a standard PCR technique. SeV recombinants were recovered from cDNA as described previously (35) . Mutations were confirmed by direct DNA sequencing of the reverse transcription (RT)-PCR products of viral genome RNAs prepared from purified virions.
RNA preparation and strand-specific quantitative RT-PCR. The strand-specific detection of viral genome-length RNAs by two-step quantitative real-time RT-PCR was performed as reported previously using RNA samples prepared from virus-infected LLC-MK2 or 293T cells harvested at the indicated time points (26) . The amplification of a specific DNA fragment during the cycle reaction was confirmed by melting curve analysis of the PCR products.
RNA secondary structures. Secondary structures of the 3= 80-nucleotide (nt) regions of the genomes of the WT and a series of the GP viruses, as well as the corresponding region of the antigenomes, were estimated by computational analysis using Web-based Centroid Homfold software (www.ncrna.org/centroidhomfold).
RESULTS
SeV genome and antigenome RNA synthesis traits did not meet the VSV paradigm. NNSVs possess the Le and Tr sequences at the 3= and 5= ends of their RNA genomes, respectively. The Le serves as the promoter for replication of the antigenome (genome promoter [GP]). The antigenome synthesized possesses the sequence complementary to the Tr at the 3= end, which serves as the replication promoter for genome RNA (antigenome promoter [AGP]). Using VSV, the AGP was shown to be much stronger than the GP, leading to the larger amount of genomes over antigenomes in infected cells and progeny virions (2, 3) . This VSV paradigm for determining genome polarity appears to have been applied to other NNSVs (1, 3) .
About 50 times more genomes than antigenomes were present in both VSV-infected cells and virions harvested at 10 h postinfection (p.i.), when a peak in virus titers was observed (Fig. 1A) . The kinetics of the ratio of the genome to the antigenome (Ϫ/ϩ ratio) was found to be virtually constant at approximately 50 throughout the infection (Fig. 1B, open squares) .
At a late stage (at 20 h p.i.) of infection with WT SeV, genomes also predominated over antigenomes in cells and progeny virions, although the Ϫ/ϩ ratios were not as high as for VSV (ϳ50), at 6.3 to 7.5 ( Fig. 1A) . However, the kinetics of the Ϫ/ϩ ratio in infected cells markedly changed (Fig. 1C , open circles). Early in infection, they decreased from 4.6 to nearly 0.5 by 6 h p.i. due to vigorous antigenome synthesis relative to genome synthesis in this phase. The ratios then began to increase, ultimately reaching near-initial levels by 20 h p.i. This late phase was characterized by active synthesis of the genome. Therefore, it is clear that the genome and antigenome synthesis pattern during the course of SeV infection did not meet the VSV paradigm. There appeared to be positiveto-negative switching in SeV genomic RNA synthesis, whereas no such polarity switching was seen with VSV.
Requirements of accessory C proteins for polarity switching in SeV genome-length RNA synthesis. We previously found that about 8 times more antigenome than genome was synthesized in cells and incorporated into the virions following 4C(Ϫ) infection, which was opposite of that found for the WT (26) (also see Fig. 1A ).
The kinetics of the Ϫ/ϩ ratio during the course of 4C(Ϫ) infection did not significantly change without displaying such a polarity shift or switching as was found for the WT, and the ratio gradually decreased slightly (Fig. 1C, open triangles) , suggesting that SeV C proteins were required for polarity switching.
In subsequent detailed studies on SeV genome-length viral RNA synthesis, we aimed to highlight the traits of antigenome synthesis, especially the predominance of antigenomes early in infection with WT SeV and throughout 4C(Ϫ) infection; therefore, we decided to primarily present results based on the ϩ/Ϫ ratios instead of the Ϫ/ϩ ratios. Here, we set the initial (0 h) ratios to 1.0 for all samples, although there was a marked difference in absolute ratios between the samples. After this normalization, the ϩ/Ϫ ratio of VSV remained unchanged at approximately 1.0, as expected (Fig. 1B, closed squares) . Figure 1D compared the transitional patterns of the ratios between WT SeV and 4C(Ϫ) infections. Interestingly, and as expected from Fig. 1C , the line of the kinetics for WT SeV markedly increased to approximately 10 in the initial 6 h of infection (positive phase) and then quickly reverted to the negative phase, with a continuous decrease in the ratio close to the initial level by 20 h p.i (Fig. 1D, closed circles) . Similar results were observed in other SeV strains, including laboratory strains such as Cantell, Fushimi, and Nagoya, and the field isolate, Hamamatsu, although the peak values were largely different between the strains, probably a reflection of a difference in their origins (Fig. 2) .
In contrast, the line of 4C(Ϫ) slowly and continuously increased to 3.5 over the experimental period without displaying such early positive and late negative phases as those observed in WT SeV (Fig. 1D, closed triangles) . Differences in transitional patterns between the WT and the 4C(Ϫ) virus appeared to be caused by the presence or absence of C protein expression. We tested an additional two types of C deletion mutants, C=/C(Ϫ) [Y1/Y2(ϩ)] (13) and C=/C(ϩ) [Y1/Y2(Ϫ), d2Y] (24) SeVs (Fig.  3A and B) . The latter clearly displayed a WT-like pattern, while the former displayed a 4C(Ϫ)-like pattern, indicating that the longer C= and C are required for the positive-to-negative phase switching, while the shorter Y1 and Y2 could not play this role. However, the region corresponding to Y1 or Y2 in the C= or C protein was found to be essential, because the SeV mutant Cm2= (24) that contained two amino acid changes at positions K77R and D80A, which were mapped within the Y2, almost completely lost its switching ability and displayed a 4C(Ϫ)-like pattern (Fig. 3B) . The requirement of C protein for the positive-to-negative phase control was further substantiated by the fact that its plasmid-based expression facilitated synthesis of the genome RNA of the 4C(Ϫ) virus, thereby reducing the ϩ/Ϫ ratios (Fig. 3C ).
SeV C proteins downregulated leader promoter-mediated positive-strand genome RNA synthesis. Previous studies using mini-genome replicons showed that SeV C proteins selectively inhibited viral RNA synthesis via the genomic leader promoter and, hence, the synthesis of antigenome and mRNAs (8, 27, 29, 30) . The amounts of SeV proteins, including the C proteins, were shown to proportionally increase as infection advanced. Therefore, our present studies suggested that there could be a critical threshold of C proteins in cells. Below the threshold, the amount of C proteins was not high enough to exert genomic promoter inhibition, which facilitated antigenome synthesis, while sufficient C proteins become available above the threshold to exert genomic promoter inhibition, which suppressed antigenome synthesis. We then wanted to clarify the regulatory functions of SeV C proteins in determining genome polarity in the context of promoter usage.
SeV recombinants possessing swaps of the 55-nt Le and Tr regions in all three possible combinations were generated in the backbone of the WT (Fig. 4) . The respective complementary sequences that needed to be inserted are represented by upsidedown letters in Fig. 4A . The patterns of the ϩ/Ϫ ratio as well as growth in cells were compared with those of the WT.
The single-step growth curves of LeLe and TrLe viruses were comparable to that of the WT (LeTr), while the overall titers of TrTr were reduced by 1 to 2 logs (Fig. 4B) . LeLe displayed WT-like positive-to-negative switching. When a sufficient amount of C proteins was not available early in infection, the leader promoter was stronger when placed in the genome than in the antigenome. However, the peak ϩ/Ϫ ratio was significantly lower than that of the WT (Fig. 4C, open diamonds) . This may have occurred because the C proteins exerted their leader-selective downregulation more or less on both the genome and antigenome. In contrast, TrTr showed no apparent polarity switching and exhibited a continuously increasing line throughout (Fig. 4C, closed squares) . This suggested that the C proteins did not exert regulatory action when both the GP and AGP were the Tr type. The AGP of the TrLe virus was the Le type; therefore, it was expected to be under the suppressive control of the C proteins, while Tr-type GP could be freed from such downregulation. Therefore, the positive strand continued to markedly increase late in infection when C proteins were accumulating (Fig. 4C, open circles) . A slight change in the ϩ/Ϫ ratio was detected up to 4 h p.i., and this change was not significant at 8 h for the TrLe virus (Fig. 4C) . The strength of the Tr promoter and Le promoter in this construct appeared to be nearly equivalent unless a sufficient amount of C proteins was supplied.
Overall, the results obtained by the promoter-swapped viruses indicated that the C proteins exerted their regulatory function selectively via the Le-type promoter but not via the Tr-type promoter. The regulation of polarized viral RNA synthesis by the C proteins was achieved by suppressing leader promoter-driven viral RNA synthesis rather than enhancing that from a trailer promoter.
To investigate whether there was a region(s) within the 55-nt leader sequence that was crucial for polarity switching, we finally tested a series of GP viruses of various lengths (24 to 48 nt) from the 3= terminus replaced with the corresponding trailer sequences (Fig. 5A) . All of the GP viruses, except for GP48, replicated well to levels similar to those of the WT. GP48 titers were reduced by 1 to 2 logs (Fig. 5B) .
The kinetics of the ϩ/Ϫ ratio for GP24, GP33, and GP42 were similar to those of the WT viruses (Fig. 5C , closed circles, squares, and diamonds, respectively). In contrast, GP48 showed a pattern that deviated largely from the apparently normal one shown by the above-listed three (GP24, GP33, and GP42) and resembled that of the TrTr virus (Fig. 5C, exes) . The patterns of positive phase and polarity switching in GP30 were less marked than those of the greater replacement viruses, GP33 or GP42 (Fig. 5C, closed  triangles) . Overall, these results indicated that approximately the 5=-terminal 10 nucleotides of the 55-nt leader region were critically important for the polarized regulation of viral RNA synthesis by the C proteins.
DISCUSSION
No mechanism has been shown to selectively incorporate only the negative-strand RNA genome complex with N protein subunits (ϪRNP) into the virions of the Mononegavirales during the process of assembly, and this has been attributed to the indistinguishability of ϪRNPs and ϩRNPs. Genomic and antigenomic RNAcontaining SeV virions were shown to be produced in proportion to their intracellular ratio, although antigenome-containing virions were not infectious (37) (38) (39) .
Applying the VSV paradigm, mononegaviral genome polarity was considered to be determined by differences in promoter strength between the GP and AGP; the AGP directing the synthesis of the genome could be stronger than the GP directing the synthesis of the antigenome (1, 3) .
Internal deletion DI genomes for SeV contained the authentic Le and Tr sequences present in full-length ϪRNA, while only the trailer and its complementary sequences were in the 3= and 5= ends of the copyback DI genomes. Mixed infections of eggs with SeV stocks containing internal deletion and copyback DI genomes followed by serial egg passages, together with helper SeV with the full-length RNA genome, outcompeted internal deletion-type DI genomes, resulting in the predominance of copyback DI genomes and extinction of internal deletion DI genomes (40, 41) . This outcompetition was not due to size differences between the internal deletion DI and copyback DI genomes nor to whether transcription was inert (copyback DI) or active (internal deletion DI). The interpretation was that the AGP, the exact copy of the trailer, could be stronger than the GP of the leader sequence, applying the VSV paradigm. However, the interpretation could not be that simple, because the C proteins were trans-supplied from the intact helper virus required for DI genome replication in this experiment and also because the C proteins were shown to selectively inhibit RNA synthesis from the authentic leader promoter (29, 30, 32) and, hence, could facilitate copyback DI genome replication. We have shown in this and previous reports (13, 26) that antigenome synthesis as well as mRNA synthesis predominated over genome synthesis in the case of C-deficient SeV infection and at an early phase of WT SeV infection when viral protein expression levels could be low. This suggests that the genome leader promoter was intrinsically stronger than the trailer-derived antigenome promoter, which is contrary to the VSV paradigm.
Thus, there must be a transition from the antigenome-dominant to genome-dominant phase midway in single-step replication for SeV to be an NNSV. The occurrence of this phase transition was clearly shown by the marked increase, followed by the marked decrease in positive/negative-strand ratios during singlecycle replication of WT SeV. This was not observed for VSV, whose genome polarity was determined solely by the difference in promoter strength.
The crucial requirement of the SeV accessory C proteins for the positive-to-negative shift was strongly supported by the fact that no such shift or increase then decrease in the ratio ever took place in cells infected with the 4C(Ϫ) virus that expressed none of the four C proteins (Fig. 1) . The antigenome was predominant over the genome throughout in 4C(Ϫ)-infected cells. These results again strongly suggested that the intrinsic promoter activity (exhibited in the absence of the C proteins) of the genomic leader was stronger than that of the antigenomic, trailer-derived promoter and that the accumulation of the C proteins late in the life cycle may have inhibited antigenome synthesis via direct or indirect interactions with the genomic leader promoter.
The specific inhibition of leader-driven viral RNA synthesis by C proteins was suggested through the physical interaction between the C and L proteins (32) , suggesting a regulatory role of C proteins in affinity of viral RNA-dependent RNA polymerase (vRdRp) for the leader promoter region, although there is no reasonable explanation as to how vRdRp distinguishes the leader and trailer regions and how this interaction causes promoter specificity. In order to gain a deeper understanding of the promoter regions regulating genome-length viral RNA synthesis by the C proteins, we attempted to compare the secondary structures of the GP regions of GP viruses predicted by computational analysis (Fig. 6) . The intact 55-nt leader region did not produce any apparent secondary structure (Fig. 6A, left) . The GP24, GP33, and GP42 viruses with normal phenotypes also did not (Fig. 6A) . In contrast, TrTr and GP48, which lacked polarity switching, were predicted to form large pseudoknots consisting of 45 and 49 nucleotides within their GP regions, respectively (Fig. 6B, center) . The same was true for the intact trailer region (Fig. 6B, right) . A smaller pseudoknot consisting of 24 nucleotides was predicted for GP30, which showed delayed polarity switching (Fig. 6B, left) . Therefore, a loss or attenuation in the regulation potential of the C proteins may be dependent on the presence of the putative pseudoknots and their sizes, which suggests that the secondary structure of the promoter region may affect the activities of the promoter, interactions with the C proteins, and/or C protein-mediated regulation of SeV genome/antigenome replication.
Since there was a reasonable association between the presence and size of the putative pseudoknot in these regions and their properties, these results seem to suggest the critical involvement of the secondary structures of the leader and trailer regions in their properties. However, the ends of the viral genomes are unlikely to form any secondary structures based on base pair matching, since genome-length mononegaviral RNAs have been considered to form RNase-resistant nucleocapsid structures due to the full and tight encapsidation of RNAs by the N proteins (1). The promoter regions at the ends of the viral genomes may be somewhat free from encapsidation to form functional secondary structures, and the difference in structures between the leader and trailer regions may cause a difference in their promoter activities. This seems to be plausible, because a similar estimation of the leader and trailer regions of VSV showed putative secondary structures opposite to those of SeV; a large pseudoknot was present in the VSV leader, and a small one was present in the trailer (data not shown).
Overall, a marked increase, followed by a similar decrease in the ϩ/Ϫ ratio during SeV single-step replication, has never been described for any member of the Mononegavirales. This switching from the positive-strand-dominant to negative-strand-dominant phase is crucial for SeV to be an NNSV. It is interesting that only the accessory gene products play such a critical function in the biology of the Mononegavirales. Therefore, it can be concluded that the negative polarity of NNSV is decided not only by asymmetric promoter strength, as has been applied for VSV and other rhabdoviruses, but also via the trans-acting element, which can now be applied for the paramyxovirus SeV.
Why SeV needs to have acquired this complex RNA synthesis pattern to be an NNSV during its evolutionary process is not clearly understood. SeV and some other paramyxoviruses, such as Newcastle disease virus (NDV), have a relatively short time span of single-step growth (ϳ20 h or less). Nevertheless, they ultimately reach a high copy number. SeV and NDV reach final titers as high as approximately 10 9 PFU in tissue culture cells and 10
10
PFU in chick embryos. The prerequisites for this may be the vigorous amplification of mRNAs and antigenomes early in infection and subsequent synthesis of the genome. In this context, the transitional shift from the positive-dominant to negative-dominant phase may represent a clever stratagem. Interestingly, NDV replication displayed a positive-to-negative shift pattern very similar to that of SeV (data not shown). Why only the accessory gene products are deeply involved in this positive-to-negative switching has also not been fully elucidated. The L and P proteins constitute RNA polymerase. The N protein is essential for encapsidation of the nascent RNA chain and further serves as the scaffold for the L and P proteins to act as a polymerase. They individually possess numerous functionally critical subdomains and motifs that interact with each other (8) and may have no room to encode the switching function without opening the overlapping ϩ1 C frame relative to the P ORF on the P gene. VSV also reach a high titer within a short time span, generally shorter than those of paramyxoviruses. Differences in the promoter activity between the genome and antigenome may be large enough such that VSV RNA polymerase favors the antigenome promoter more.
Finally, we schematically showed here a novel SeV paradigm for determining genome polarity by the participation of a transacting element, the C protein (Fig. 7) . At an early stage of infection, where only a limited amount of C protein is available in cells, positive-sense viral RNAs (the mRNA and antigenome) are allowed to increase to support the subsequent amplification of protein synthesis and genome synthesis. Once the level of C proteins reaches and exceeds the threshold, they selectively suppress leader GP activity without affecting the trailer AGP function. Thus, the genome becomes enriched, ultimately resulting in the production of SeV with a negative-strand RNA genome. Further investigation into how much the SeV paradigm for genome polarity determination by trans-regulation can be applied to other NNSVs is warranted.
